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Abstract: Malaria infection is a major public health worldwide, with millions of new cases and 
creating huge direct (an indirect) economic losses annually. Thus, the availability of preventive 
methods and diagnostic solutions for malaria is critical to save many lives, especially in poor 
countries. The emergence of graphene materials provided researchers with a promising path for a 
variety of fields including the medical field to fight epidemics and pandemics. In this contribution, 
we discuss the key-enabling graphene-based technologies in the fight against malaria, and how they 
are driving the innovation especially in the preventive and diagnostic phases of this endemic. 
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Malaria is a major public health concern which continues to claim the lives of more than half a 
million people each year. In the fight against malaria (e.g., control and elimination), two stages 
remain crucial, i.e.: prevention and diagnosis, in achieving the United Nations Sustainable 
Development Goals of ending malaria by 2030 [1,2]. There have been recent key-enabling 
technologies falling into a few different categories, i.e., targeting on the hemozoin [3–5] and 
biomolecules (e.g., DNA and proteins). In this perspective article, we discuss the recent works on 
the use of graphene in the fight against Malaria [5–9]. 
Graphene [10,11] is a carbon-based 2D nanomaterial that is considered as a promising candidate 
for several, and somehow unrelated fields. First works on graphene highlighted its advantages over 
the widely used silicon material in today’s electronic, but gradually shifted to emphasize it as a 
wonder material that can be used almost everywhere, from inks and flexible electronics to fabrics. 
Besides its cost-effectiveness and ease of synthesis, and thanks to its unique physical, mechanical, 
electrical, and optical features, graphene, as well as graphene-based devices, covered a variety of 
application such as communication, electronic and medical applications to replace widely used 
nanomaterials such as silicon and compound semiconductors [12–23].  
Graphene biosensing’s features for viral infection have been thoroughly reported in the 
literature [12,24,25], and yet, it is believed that graphene can serve in both the prevention and the 
biosensing of parasitic infections such as malaria (Figure 1). Having a hyper-dimensional structure 
covering 1D, 2D and 3D, it has a wide surface area of 2630 m2/g with an electrical conductivity 
exceeding 1000 S/m, and a thermal conductivity of 3000–5000 W/m.K. Its mechanical strength, 
Young's modulus of ~1.0 TPa, tunable bandgap and tensile strength, not only satisfies the 
requirement of a biosensor, but also that of a barrier shield. Another advantage of graphene is the 
ability to synthesize it on different substrates and surfaces using various methods to yield different 
carbon-based materials, such as pristine graphene, graphene oxide (GO), reduced GO (rGO), and 
graphene quantum dots. 
In this perspective article, we discuss the emergence of graphene-based films and applications 
as key enabling technological innovations in both the preventive and diagnostic phases, that 
potentially allow the elimination and control of malaria spread. 
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Figure 1. Fight against malaria - the role of graphene-based materials in the preventive and diagnostic 
phase. (a) Graphene-based films is used as barrier in fabrics which has the ability to interfere with the 
chemo-sensing. This is considered as a form of ´molecular barrier´ preventing mosquitoes from 
detecting skin-associated molecular attractants. (b) Graphene-based biosensors are designed to detect 
the presence of parasites (e.g., DNA) or the host biomolecule markers (e.g., proteins). 
1. Preventative phase: Graphene-based fabric 
Mosquitos are known to track humans from distances more than 50 meters thanks to their 
developed senses of thermal, visual and olfactory signals [26]. Humans can therefore be detected by 
their skin-associated molecular attractants, such as water vapor, CO2, and skin microbiota 
metabolites. Approaches on how to hide these attractants are very important in the prevention 
against malaria. dots. 
Traditionally, the prevention against malaria is predominantly based on the long-lasting 
insecticidal nets (LLINs), considered one of the main vector-control strategies backed by WHO [2]. In 
high-risk areas, the population, especially women and children less than 5-year old, are 
recommended to sleep under LLINs to reduce the chances of mosquito bites. Other preventive 
strategies include chemoprevention -through the ingestion of drugs used against infections-, 
insecticide-treated nets (ITN), and indoor residual spraying (IRS). However, ITN and IRS have shown 
limited efficiency over time due to the resistance of parasites to the used chemicals [27]. The limited 
use of LLINs during rest/sleep time leaves the population vulnerable to mosquito bites during the 
rest of the day.  
To face the robust detection multi-strategies and approaches of mosquitos, a robust 
camouflaging solution seems the only way to reduce the viral contamination. Graphene multilayer 
films on the other hand can serve as physical barrier to mosquito bites as well as a molecular barrier 
to conceal the skin-associated molecular attractants, thanks to their solid 2D structures, and their 
ability to withstand penetration forces of more than 50 µN in the case of 0.5-µm-thick GO films 
(Figure 2) [28]. Castilho et al. [28] have shown that using wearable technologies with embedded 
graphene-based films yields excellent results in the protection against mosquito bites as physical and 
molecular barriers at the same time. Dry GO and rGO films can interfere with the host-sensing system 
in mosquitos, especially A. aegypti, through the concealment of the skin attractants. In wet rGO films, 
where a mosquito attractant was introduced intentionally, 0.5-µm-thick graphene films showed 
sufficient mechanical puncture resistance against bite protection. Despite their lower biting frequency 
compared to cheesecloth, wet GO films however were easily penetrated by the mosquito bites due to 
their hygroscopic nature, making them easy to absorb water and swell, as well as easily destroyed 
during handling. 
This research shows that graphene can play a big role in the prevention against malaria in several 
dimensions; The integration of graphene-based films in the wearable technologies can decrease the 
frequency and the chances of mosquito bites during all-day outing and activities. Combined with the 
cheap-cost of graphene material, its non-toxicity, flexibility and ease of synthesis, this provides a 
additional, if not an alternative, layer of protection to the widely-used LLINs. 
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Other than clothing and LLINs-like nets with graphene-based materials, the use of graphene-
based coating on the walls of housings in mosquitos-populated area can provide a large-scale 
protection to the inhabitants against mosquito bites, as this will serve as a chemical barrier and as a 
camouflage to the CO2 plume produced by the residents, and thus deprive mosquitos of one of their 
long-distance sensing weapons. This alone will reduce the density of mosquitos inside the housing 
premises, and therefore provide a guaranteed reduction in the spread of malaria. 
 
C
 
Figure 2. Mechanism of mosquito bite inhibition. (A) The landings plus walk-ons of mosquitos on dry 
and wet GO-rGO films and controls (cheesecloth and skin). (B) The mosquito residence times after 
initial contact on dry and wet GO-rGO films and controls. (C) Representation of mosquito bite 
inhibition mechanisms on dry GO and wet rGO films. Adapted from [28]. 
Moreover, the hydrophilic GO is more suitable for bio-applications, as opposed to the 
hydrophobic pristine graphene, thanks to its lower toxicity and higher biocompatibility [6]. In-vitro 
investigations [6] on the interactions between different concentrations of GO and Plasmodium 
falciparum (P. falciparum), a specie of malaria parasites, have shown that GO nanosheets can serve 
as an efficient physical obstruction and barrier between red blood cells (RBCs) and the parasite. The 
merozoites, resulting from the parasite development within the human bloodstream, didn’t have 
access to healthy RBCs due to the limited access due to their adhesion to the GO nanosheets. The 
growth of the parasites from rings to trophozoites was also delayed and their maturity was delayed 
when GO was introduced in infected RBCs, showing the antimalarial behavior of GO. Other than 
GOs, graphene quantum dots (GQDs) showed excellent chemical and physical protperties for 
biomedical application, and their toxicity against P. faciparum, both CQ-resistant and CQ-sensitive  
strains, P. berghei and young instars of malaria mosquitoes were demonstrated [29]. The GQDs 
showed also toxicity against MCF-7 breast cancer cell [29]. 
This result clearly shows the potential of GO and other graphene-based nanomaterials in 
preventing the prolificaton of malaria parasites in the bloodstream, as well as inhibiting their 
development into advanced stages, which opens the way in the development of new nanomaterial-
based approaches for fighting malaria. 
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2. Diagnostic phase: Graphene-based biosensor  
In the absence of appropriate preventive measures, early-stage diagnostic of malaria is 
considered a key element in the fight against malaria, as it can prevent the transmission, reduce the 
draining of the available resources, minimize the unnecessary use of drugs, avoid the spread of life-
threatening side-effects, as well as the spread of drug resistance among the population [2]. Diagnosis 
has mainly been used through the use of antigen-based rapid diagnostic tests (RDTs) that remain 
expensive and not as sensitive as the thick blood films, which require advanced equipment. 
With an annual death rate of more than one million in Africa alone, there is a vital need for 
efficient, easy-to-deploy, cost-effective and simple-to-operate detection methods to help in the 
malaria fight. Graphene-based biosensors are priomising candidates for the electrochemical detection 
and new generation point-of-care testing thanks to the graphene electrical and optical properties 
[7,8,30].  
The advanced electrical and optical properties available in the graphene has been exploited in 
several areas [10,11,31,32]. One of the area that are attractive for graphene biosensing is the disposable 
screen-printed electrodes (SPEs), where the use of the less performant multi-wall carbon nanotubes 
(MWCNTs) showed excellent results; a 96% sensitivity and a 94% specificity (Figure 3) [33]. The 
integration of graphene-based materials instead of MWCNTs will provide a better sensitivity and 
higher signal-to-noise ratios than the reported sensor. Besides, the flexible nature of the graphene 
opens the way for the graphene-based electrodes to be printed on other graphene-based flexible 
substrates and be integrated in printed-circuit boards (PCB) to offer commercially viable options for 
malaria biosensors in bedside applications.  
 
 
Figure 3. Fabrication process used in the modified SPEs for malaria detection with carbon nanotubes 
and gold nanoparticles. Based on the alkaline-phosphatase-conjugated (ALP conjugate) antibodies 
that which yield 1-naphthol as the hydrolysed result of the enzymatic substrate (1-
naphthylphosphate) for the amperometry sensing of histidine-rich protein II (HRP II). BSA stands for 
bovine serum albumin. Adapted from [33]. 
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In addition, graphene-based sensors can integrate both the RDT and thick blood films thanks to 
their ability of monitoring the electronic transfer reactions of haemoglobin concentration, and thus 
check for the existance of malaria-caused anaemia [7,8]. The iron ion inside the haemoglobin can be 
in FeII or FeIII oxidation states, the latter, which is caused by malaria, hinders methemoglobin from 
binding to oxygen, resulting in fatality in the absence of internal reduction mechanisms within the 
the RBCs. In fact, Toh. R.J. et al has shown that it is possible to make direct in vivo of electrochemical 
detection of haemoglobin in RBCs on glassy carbon electrodes using Naftion (Figure 4). This study 
confirms that the multifaceted biological conditions of a human RBC showed no interference with 
the sensing of haemoglobin. This clearly show the possibility of studying the electrochemical 
behavior of haemoglobin directly from human blood [7].  
If the glassy carbon is preferred over other metals due to its high hydrogen overpotential, 
graphene-modified glassy carbon electrodes provide better selectivity in isomers, that has the same 
electro-active groups with overlapping redox signatures [34]; each atom in a graphene or graphene-
based sheet is a surface atom, increasing the sensitivity of the electron transport and molecular 
interaction with adsorbed molecules. Therefore, electrodes coated with graphene or its derivatives 
can provide higher selectivity and higher sensitivity in the direct detection of haemoglobin from 
RBCs and blood samples, which will allow for quantitative analysis of RBCs in blood samples for 
clinical diagnosis of malaria.  
 
 
Figure 4. Study of the reduction of live RBCs (obtained directly from a real blood sample) compared 
to lyophilized RBCs (from Sigma Aldrich) using cyclic voltammetry (CV). The similar reduction 
potential points and shape of the CV indicates the possibility of detecting haemoglobin acitivity 
without much signal nose. Adapted from [7]. 
Future challenges and opportunities 
Graphene and its derivative nanomaterials have attracted a huge interest in several fields 
including the biomedical area. Applications in the medical domain ranges from regenerative 
medicine to gene and drug delivery and cancer therapy [35]. The antimicrobial feature of the 
graphene-based materials, however, needs more research and investigation due to the reported 
aggregation and mode of exposure effect on graphene and related materials’ cytotoxicity [35]. The 
oxygen content, the dosage, surface functional groups, structural defects are all parameters that are 
reported to affect the toxicity of this material. 
In the fight against malaria, graphene-based devices can cover both the preventive and the 
diagnosis phases; but one area is becoming more promising; the DNA detection using graphene-
based materials [36]. DNA detection is considered an attractive application in disease diagnosis, 
including malaria, but there are two challenges facing this field; the speed and the accuracy of the 
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detection. Mainly the simple and less-expensive label-free DNA detection using graphene derivatives 
is attractive thanks to the graphene properties, which enable it to be integrated in optical, electronic, 
and electrochemical biosensors. For instance, the integration of graphene in electronic biosensors can 
be made through the use of the DNA in the gating area, changing the transfer characteristics as a 
result of the n-doping phenomenon (Figure 5) and showing higher sensitivity compared to available 
biosensors [37]. The use of recognition elements such as the DNA-mimicking PNA opens the way 
toward ultra-sensitive DNA detection (Figure 5 (d)). 
 
 
Figure 5. (a) Graphene-based DNA transistor and the effect of DNA hybridization and 
dehybridization; (b) Transfer characteristics before and after adding DNA with the concentration 
ranging from 0.01 to 500 nM; (c) Schematic representation of the sensor with a reference part; (d) 
Schematic of the rGO FET biosensor for DNA detection based on PNA-DNA hybridization. Adapted 
from [36]. 
The challenges that are facing the DNA detection are related to the DNA translocation and the 
noise level encountered during the detection. The availability of different graphene derivatives with 
a wide range of properties, and with better control over modulations in the tunneling current within 
the graphene can solve these issues and provide high sensitivity and selectivity in DNA biosensors. 
The use of graphene-related nanomaterials is launching a new era in the fight against malaria; 
preventive measures can be enhanced through the use of these materials in the new wearable 
technologies, which will provide more efficient and cheaper solutions. Diagnosis of the malaria will 
also be enriched with compact and easy-to-deploy solutions such as electrochemical detection of 
haemoglobin, as well as DNA detection device based on graphene and its derivates. 
Conclusion 
We have discussed in details the recent advances made in graphene material, graphene-based 
technology in the fight against malaria. It may be possible to provide hybrid solution using graphene 
device for direct parasite detection in the DNA and the oxidation states of the haemoglobin. Of which, 
high sensitivity and high specificity of the test are desirable in the field settings [38,39]. We hope that 
this article is able to spur interest into studies of graphene-based materials in multiple aspects of the 
fight against malaria. 
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